I. The relative power of sixteen clinical, radiological and pulmonary function variables for evaluating asbestosis and chronic osbtructive airway disease has been assessed by principal component analysis of the data from a survey of 201 asbestos workers.
clubbing and crepitations at the lung bases, although common in asbestosis, may be absent even in advanced stages of the disease. The usefulness of functional measurements has recently been stressed (Bader, Bader & Tierstein, 1968) , but unless pre-exposure data are available their value is decreased by the considerable scatter which occurs even among normal subjects of the same sex, age and body size.
An objective method is required of ascertaining the relative importance of the clinical, radiological and pulmonary function variables and integrating them to provide a more reliable diagnosis and assessment of the severity of the disease. Since there is no firm criterion of asbestosis the method of discriminant analysis is not appropriate. Faced with the problem of evaluation, many authors have used the radiological category as a yardstick of the disease and have compared clinical and pulmonary function findings with it. This obscures the true relationship between these indices. Agreement in detail between these may enable a firm diagnosis of asbestosis to be made, but this is only likely in a proportion of cases or at a late stage of the disease.
The method of principal component analysis (PCA) (Hotelling, 1933; Kendall, 1961) used in this study makes no a priori assumptions but looks for communalities or trends in the results. The meaning of any such trends must, however, be determined by means external to the analysis. This paper describes the application of principal component analysis to the results from a comprehensive field survey of asbestos workers in whom all stages of the disease were believed to be present.
METHODS

Population
The study group comprised 201 Caucasian males who had been working with raw asbestos in three factories for at least 3 years. They made brake linings and insulating materials. They formed 69% of the total population (291) defined by these criteria, of whom 256 (88%) volunteered to be examined. The remaining fifty-five (21%) had one or more missing observations (fifty), or had been exposed to known inhalation hazards other than asbestos (five). (In twenty-eight the missing observation was Dm; of the five with other exposures, three were to cotton, one to cotton plus chemicals and one in coalmining.) At the time of the survey examination fourteen of the 201 (7%) had been certified by the Medical Panels of the Pneumoconiosis Board as having asbestosis and were in receipt of compensation. A further ten were certified 1-3 years later.
Exposure
The duration of exposure to the dust was expressed as the 'number of years from first exposure' whether or not this was continuous. This has been shown to correlate more highly with asbestosis than 'years of exposure' (Knox & Beattie, 1954) , no doubt because of the progressive nature of this disease.
Clinical
The presence or absence of crepitations and rhonchi was recorded (each coded I, 0). A comparison was made between the findings of the experienced and highly competent factory physician and M.L.T., in which both examined independently twenty subjects, some of whom had asbestosis, on the same morning. There was substantial agreement between these observers; the mean difference in respect of crepitations was not significant. Also noted were any deformities of the rib cage or cardiac abnormality that might cause pulmonary function or radiological change simulating asbestosis. Finger clubbing was measured as the hyponychial angle (Regan, Tagg & Thomson, 1967) . Cough, phlegm and dyspnoea were coded as in the U.K. Medical Research Council's long questionnaire (Medical Research Council, 1960) which was completed with detailed attention to the occupational history. Electrocardiograms were made with thirteen leads, the correct positioning of which was facilitated by a special device (Rose, 1961) . Early morning sputum samples were examined for asbestos bodies and fibres (UICC, 1965) . In all, 156 specimens were obtained of which forty-six (30%) had asbestos bodies and ninety-eight (63%) had asbestos fibres.
Radiological
AP films were taken by the Pneumoconiosis Research Unit's (Penarth) mobile unit. They were read independently by three observers who later met and agreed on a final assessment. Abnormality of pattern, whether linear, reticular or blotchy and whether in one or both lungs, was coded 1, 2, 3 for the lower, mid and upper zones respectively. Pleural thickening was coded 1 if it was present only in the wall or diaphragm or both and 2 if it was present also in the mediastinum or fissure, whether in one or both lungs.
Before deciding on this coding many combinations of types of abnormalities and areas of involvement of both pleural and pulmonary radiological abnormality were plotted against the transfer factor, finger clubbing and crepitations. None of these alternative gradings appeared to be superior to the above simplified coding; it is clearly possible, however, that improvements may be made in these gradings on larger populations.
Pulmonary function
The vital capacity (VC) and residual volume (RV) were measured by spirometry and closed-circuit helium-dilution (Gilson & Hugh-Jones, 1949) . The forced expiratory volume in 1 s (FEV 1) was obtained with a Gaensler-type spirometer (McKerrow, McDermott & Gilson, 1960) and the peak flow rate on a Wright-McKerrow meter (Wright & McKerrow, 1959) . Since VC is decreased in asbestosis FEV as a proportion of VC (FEV/VC) was used as the most appropriate index of airway patency. The transfer factor (diffusing capacity) for carbon monoxide (Tl) and its membrane (Dm) and blood components were determined by the single-breath method in duplicate (McNeill, Rankin & Forster, 1958) ; the alveolar volume being obtained from the single-breath helium-dilution (Thomson, McGrath, Smither & Shepherd, 1961) . The specificconductance (conductance/thoracic gas volume) was measured by constantvolume body plethysmograph (Dubois, Botelho & Comroe, 1956 ).
Principal component analysis
The aim of this analytical technique is to condense the data by finding those factors that represent independent attributes of lung disease. A linear transformation is applied to the original set of correlated variables to produce a new set of uncorrelated variables or components. Each component is extracted in the order of the magnitude of its contribution to the total variance of the original variables. The first few components usually account for most of the total variance and reveal the underlying nature of the variability in which case the remainder can be ignored. A component score for each individual is calculated as a weighted sum of the values of the original variables after they have been standardized by subtracting the mean and dividing by the standard deviation. The individual scores plotted against the axes of the components may then show meaningful trends. The computer program used was No. BMDOIM, Health Sciences computing facility, UCLA.
RESULTS
The ECG, rhonchi and specific conductance were omitted after a preliminary principal component analysis which indicated that they had very low weightings on the important first and second components. (The ECGs were reported as being substantially similar to those of a normal population.) Sputum asbestos bodies and fibres were omitted because the X-ray thickening refers to pleurae and fissures; X-ray pattern, parenchymal abnormality; FEV/VC, forced expiratory volume (l s)/vital capacity; RV/TLC, residual volume/total lung capacity; Tl and Dm, Transfer factor (diffusing capacity) of the lung and membrane respectively; exposure, year in this century when exposure commenced; clubbing as hyponychial angle (Regan et al., 1967) . Coding of remaining variables in the text.
counts showed little correlation with the main indicators of asbestosis or with exposure to asbestos. The peak flow rate was not used because it correlated highly with the more reliable FEY and FEYjYC.
The percentage of the total variance accounted for by the sixteen components was: (I) 26, (2) 13, (3) 10, (4) 7, (5) 7, (6) 5, (7) 5, (8) 5, (9) 4, (10) 4, (11) 3, (12) 4, (13) 2, (14) 2, (15) 2, (l6) l. 14. Dm The sign of 'Exposure' has been changed throughout to convert into 'years since first exposure'.
The first two components therefore accounted for only 39/;; of the variance. To find if the remaining components were meaningful the weights given to the variables in components 3-5 were examined in conjunction with the first two components. For each of the three factories co-ordinate points were plotted against two component axes for all combinations of the five components. Comparison between the factories showed no consistent trends, nor was the distribution of the variables about the axes meaningful. The final analysis was done on the remaining sixteen variables which are listed with the means and standard deviations in Table I. Table 2 gives the correlation matrix for the variables and Table 3 gives their standardized weightings (eigenvectors) in decreasing order of magnitude for components I and II. where ZA I is the score for subject A for component I, W 1-16 are the weightings (eigenvectors) of the variables (Table 3 ) and x1-16 and x1-16 are respectively their observed values and means.
The unstandardized weightings are also listed in Table 3 ; they enable any further subjects for whom the sixteen variables are known to be plotted on the diagram in Fig. I . of individuals on the left of Fig. 1 at the extremes of the vertical range indicated that component II was separating those with lung disease into the restrictive disease asbestosis at the top and chronic obstructive airway disease at the foot. This interpretation is supported by the stratification of the data given in Table 4 and Fig. 2 . Table 4 gives the means of the sixteen variables, unadjusted for age and height for individuals lying in each of the four quadrants of the peA (Fig. 1) . It also gives a further breakdown of those in the left (chest disease) quadrants into certified asbestosis and remainder (upper quadrant) and presumptive airway obstructive disease and remainder (lower quadrant). Without exception there are consistent trends in the means of all variables in both upper and lower quadrants, indicating decreasing health from right to left. Also there are consistent changes from upper to lower quadrants on both sides which conform with the known abnormalities in established asbestosis and chronic obstructive airway disease. Again the 
:-
The column headings have the meaning described in Table 1 .
* Includes two certified asbestosis cases from other quadrants.
t Includes two cases with obstructive airway disease from other quadrants.
Evaluation of asbestosis
L. 6), and the prevalence of X-ray abnormality (e) and crepitations (0) for subjects lying within (a) the horizontal intervals (component I) of the PCA (Fig. I) , and (b) the vertical intervals (component II) of the PCA (Fig. 1 ).
expected differences in the means of variables are present in both quadrant subgroups. The slight inconsistencies in the means for VC, dyspnoea and Dm are due to inclusion in the certified asbestosis and presumptive airway obstructive disease groups of the two anomalous individuals from other quadrants. These trends are also present within the quadrants as shown by Fig. 2 , where the means of the important variables, Tl, VC, crepitations and radiological abnormality are graphed for the subjects lying in the eight intervals, -4 to -3, -3
to -2, ..... + 3 to + 4, of the PCA (Fig. 1 ). In the horizontal or health-disease component (Fig. 2a ) the VC and Tl are highest on the right and fall steadily to the left whereas (as might be expected) crepitations and radiological abnormality, which are expressed as prevalence, slope in the opposite direction. In the vertical or asbestosis-obstructive disease component II (Fig. 2b) crepitations and X-ray abnormalities are prevalent in severe asbestosis (on the right of Fig. 2b ) but their percentages fall to near zero at the mid-range and remain low (left side). In contrast the VC and Tl graphs show maxima at the mid-range and fall symmetrically on both sides. (By the method used here the transfer factor is decreased in obstructive disease as well as in restrictive disease.) Thus, although the graphs of these variables show some anomalies at their extremes where numbers are small, they conform generally with the known findings in the two diseases as outlined below. The above interpretation of the meaning of component II is in keeping with the position on Fig. 1 of the fourteen workers who were already certified by the Pneumoconiosis Medical Panel as having asbestosis (marked by crosses) and of the further ten who have been certified up to 3 years thereafter (marked by open squares). Also thirteen workers who had presumptive obstructive airway disease (FEV/VC< 55/.; with a history of productive cough) have been identified in Fig. 1 by closed squares. It will be seen that all but two of the twenty-four certified subjects were in the upper left quadrant and all but two of the thirteen with presumptive obstructive airway disease were in the lower left quadrant. The certified individual in the upper right quadrant had deteriorated appreciably in the 2 years between the survey and the time of certification.
The weightings listed in Table 3 Thus, Tl, VC, age and Dm in that order are the most important of the sixteen variables for determining the presence of lung disease of either type. For discriminating between asbestosis and obstructive airway disease the FEV/VC, phlegm, X-ray (pleural thickening), cough and finger clubbing in that order are the most important variables.
DISCUSSION
Transfer factor and vital capacity
Tl and VC were potent measures of lung disease, heading the list in component I, but were poor differentiators between the two diseases because they were decreased to an equal extent in both (Fig. 2b) . In practice, however, since airway obstruction is usually absent in the diffuse fibroses including asbestosis and can be reliably excluded by the FEV/VC, Tl and VC become powerful indicators of disability and progression in asbestosis. Of the two, Tl has a somewhat higher weighting in component I, but the error of measurement is almost certainly greater than in the VC. Strictly, Tl is not interpretable when there is appreciable airway obstruction because of the associated uneven ventilation (Cadigan, Marks, Ellicott, Jones & Gaensler, 1961) ; in practice in the method of measurement used here it is usually decreased (Palmer & Diament, 1969) , especially when hyperinflation supervenes (Fig. 2b) .
Transfer factor of the membrane
In theory Dm should be more discriminating than Tl where, as in asbestosis, the contribution of the membrane resistance to the total resistance should outweigh that of the blood component (McNeill et al., 1958) . In practice the technique is difficult and time consuming. It is greatly affected by error in the determination of CO; for example, the presence of carboxyhaemoglobin causes error in both indices but whereas its effect is small and can be neglected in Tl, it must be measured and allowed for in Dm. Airway obstruction causes greater artifact in the Dm than in the Tl. In the present study group twenty-eight subjects were omitted because the Dm was not obtained for technical reasons. When a further principal-component analysis was done without Dm but including these twenty-eight subjects the ranking of the remaining variables was unaltered and the weightings were substantially the same as in the first analysis. It was concluded that no bias had been introduced by their omission.
Total lung capacity
Like the FEV/VC the TLC is polarized about the mean since airway obstruction tends to increase it and restrictive disease to decrease it. It was not included, however, in the final variables for the analysis for the following reasons. Its value was lessened in field conditions because practical considerations imposed a limit on the length of time that could be allowed for equilibration of the inert gas. This must have caused it to be underestimated in some cases of airway obstruction. A PCA was in fact done with the same sixteen variables as in Table 3 including the TLC; the distribution of the individuals in the plot was little altered, the obstructive airway disease and asbestosis patients having almost identical relationships to each other and to the axes of the PCA.
FEV/VC
In asbestosis the increased elastic retraction exerted on the airway walls by the pulmonary fibrosis tends to widen and support them, with the result that the FEV/VC is normal or increased (Thomson, Pelzer & Smither, 1965) . In obstructive airway disease FEV/VC is decreased. Like the TLC therefore this index is polarized above and below normality which may account for its great power to separate the two diseases.
RV/TLC
As airway obstruction becomes more severe the residual volume/total lung capacity (RV/TLC) ratio increases; this occurs as the result of a marked increase in RV in spite of a slight rise in TLC (Burrows, Fletcher, Heard, Jones & Wootliff, 1966) . On the other hand, in asbestosis, as in most diffuse fibroses, there is a proportionate decrease in lung volumes with RV forming a normal proportion «45%) of the TLC until a late stage of the disease when this ratio may rise to 50 or 60%. Thus it is not surprising that in early disease as found in these working men a raised RVjTLC is ranked by the principal component analysis as being more indicative of obstructive disease than of asbestosis, but that its power to differentiate between them is less than the FEV/Vc.
X-ray films
The three film readers reported abnormality of X-ray pattern as blotchy, reticular or linear, of which expressions all three at one time or another had been considered indicative of asbestosis. The decision to score them equally was taken after preliminary correlation had shown no difference between them as indicators of asbestosis. In the same way bilateral pleural thickening was found to be no more indicative of asbestosis than unilateral (i.e. excluding the costophrenic angle). The increased score given to 'central' pleural thickening (mediastinum and fissure) as compared with wall and diaphragm is in keeping with the findings of Meurman (1966) on autopsy material that mediastinal involvement in asbestosis is relatively rare and only occurs in conjunction with peripheral pleural thickening. Since this paper was written a new international radiological classification of asbestosis has been proposed (VICC Committee, 1970) which describes all pattern abnormalities under the heading 'regular and irregular opacities'. It is clearly possible that different gradings arising from the classification may enhance the value of radiology in asbestosis.
Age and exposure
Age had a high negative weighting (-0'320) in component I and a low negative weighting in component II (-0'124) . When all other variables were held constant therefore older persons were more likely to have lung disease, and of the two diseases they were somewhat more likely to suffer from airway obstructive disease than asbestosis. The same was true, to a lesser extent, of exposure (-0·207 in component I and -0,074 in component II). Due to the paucity in the group of young individuals who had a long exposure and of old individuals who had a short exposure it is probable that the analysis was unable to disentangle the effects of age and exposure. In practice, however, so long as the correct values for both are used in calculating the coordinates these two variables will be jointly allowed for in determining the location of subjects on the plot (Fig. 1) .
Assessment of disability
For diagnosis of asbestosis the Pneumoconiosis Medical Panel (McVittie, 1965) requires that there has been adequate exposure to asbestos and also positive findings in at least two of the following: (1) basal crepitations, (2) finger clubbing, (3) radiological appearances, and (4) pulmonary function. The implication is that these four criteria occur randomly in any case and are of equal value in characterizing the disease. The analysis indeed showed that crepitations, clubbing and X-ray abnormalities had high and almost equal weightings as indicators of asbestosis but goes further in grading Objectively according to their value the individual variables within the X-ray and pulmonary function categories. For example it is capable of indicating the relative merits of blotchy, reticular and linear forms of pattern abnormalities although this was not attempted in this study because reticular and linear types were infrequently reported.
It is in the complex pulmonary function category, however, that the PCA has been of most help, enabling a more quantitative estimate of disability for assessing prognosis and, if applicable, the level of compensation and common law damages for which there have recently been many claims.
In the positive sense, the analysis agrees well with certification of asbestosis by the Panel (the misclassified subject in the upper right quadrant of Fig. 1 had deteriorated rapidly in the 2 years between the survey and the time of certification). The analysis, however, has anticipated by 1-3 years the diagnosis of the disease in the nine subjects lying in the upper left quadrant who have been certified since the survey. Also the position in that quadrant furthest to the left and upwards of at least seven more individuals who were not certified at the time this paper was written strongly suggested that they had asbestosis. Depending on their distances from the two axes the remaining thirty-one individuals in this quadrant were either disabled with features of both asbestosis and obstructive airway disease (near the X axis) or mainly had those of asbestosis but were less disabled (nearer to the Y axis).
Since chronic bronchitis is not at present compensatable by itself it is difficult to decide whether to compensate these subjects with mixed impairment and at what level. That three who were in fact already certified in addition to the anomalous individual in the lower left obstructive disease quadrant, may illustrate the difficulty. Thus, although it is not easy to define zones based on probability levels, the principal component analysis offers objective help in reaching this decision at least in the population of which this study group is a sample.
The rate of progression of asbestosis is probably more faithfully indicated by change in serial measurements of function than by extension of crepitations or finger clubbing or increase in radiological abnormality. Further information on this problem should be provided by a follow-up study after 3 years of the workers at present being analysed. Meanwhile the precision of functional data would be greatly increased by pre-exposure tests which should be mandatory for the FEV and VC before employment in dangerous atmospheres.
